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Abstract

Multipotent mesenchymal stem/stromal cells (MSCs) offer great promise for future regenerative and anti-inflam-
matory therapies. Panels of functional and phenotypical markers are currently used in characterization of differ-
ent therapeutic stem cell populations from various sources. The i antigen (linear poly-N-acetyllactosamine) from
the Ii blood group system has been suggested as a marker for MSCs derived from umbilical cord blood (UCB).
However, there are currently no commercially available antibodies recognizing the i antigen. In the present
study, we describe the use of antibody phage display technology to produce recombinant antibodies recognizing
a structure from the surface of mesenchymal stem cells. We constructed IgM phage display libraries from the lym-
phocytes of a donor with an elevated serum anti-i titer. Antibody phage display technology is not dependent on
immunization and thus allows the generation of antibodies against poorly immunogenic molecules, such as car-
bohydrates. Agglutination assays utilizing i antigen—positive red blood cells (RBCs) from UCB revealed six prom-
ising single-chain variable fragment (scFv) antibodies, three of which recognized epitopes from the surface of
UCB-MSCs in flow cytometric assays. The amino acid sequence of the Vi gene segment of B12.2 scFv was highly
similar to the Vi4.21 gene segment required to encode anti-i specificities. Further characterization of binding
properties revealed that the binding of B12.2 hyperphage was inhibited by soluble linear lactosamine oligosaccha-
ride. Based on these findings, we suggest that the B12.2 scFv we have generated is a prominent anti-i antibody
that recognizes i antigen on the surface of both UCB-MSCs and RBCs. This binder can thus be utilized in
UCB-MSC detection and isolation as well as in blood group serology.

Key words: i blood group antigen; MSC; phage display; recombinant antibody development

Introduction

ESENCHYMAL STEM OR STROMAL CELLS (MSCs) are mul-
tipotent self-renewing progenitor cells, originally iso-
lated from the bone marrow and subsequently also
identified in various fetal and postnatal organs and tissues."

in defining human MSCs, and these cells are now character-
ized using minimal criteria suggested by the Mesenchymal
and Tissue Stem Cell Committee of the International Society
for Cellular Therapy.2 MSCs are currently under intense clin-
ical and scientific investigation. Stem cells from nonem-
bryonic sources provide a less controversial and technically

Because of the lack of a specific marker, there are difficulties more feasible alternative for embryonic stem cells in future
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ABBREVIATIONS: Ab, antibody; BB, recombinant human platelet—derived growth factor; BM, bone marrow; BSA, bovine serum albumin;
CDR, complementarity-determining region; FACS, fluorescence-associated cell sorting; Gal, D-galactose; GBP, glycan binding protein;
GlIcNAc, N-acetyl-D-glucosamine; HTS, high-throughput screen; i antigen, the linear poly-N-acetyllactosamine carbohydrate structure;
LacNAc, N-acetyllactosamine disaccharide; LNH, lacto-N-hexaose; LNnH, para-lacto-N-neohexaose; MSC, mesenchymal stem/stromal
cell; PBS, phosphate-buffered saline; Poly-LacNAc, poly-N-acetyllactosamine (polylactosamine); RBC, red blood cell; scFv, a single-chain
variable fragment (a single chain antibody); UCB, umbilical cord blood; UCB-RBC, UCB-derived red blood cell; Vy, immunoglobulin
variable domain of heavy chain region; V., immunoglobulin variable domain of light chain region.
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cell therapy applications.>* Due to the unique multilineage
differentiation capacity”” MSCs are a promising cell type
for various applications in the field of tissue engineering.

MSCs have also been shown to be capable of improving en-
graftment of hematopoietic stem cells after allogeneic trans-
plantation’ and they evoke immunomodulatory effects,
which makes these cells an attractive candidate for therapy
in several immune-mediated disorders.'™*® In order to fulfill
the expectations raised by MCSs for stem cell therapy, several
biological questions need to be addressed. A specific molecu-
lar marker for MSCs to be used in the preparation of pure
stem cell populations aimed at therapy has not been defined.

Cell surface glycans are the first cellular components en-
countered by approaching cells, pathogens, signaling mole-
cules, and other binders. As the cell surface glycans form
cell type specific signatures, they are ideal for identifying
and isolating specific cell types from heterogeneous popula-
tions.'* We have previously shown the linear poly-N-acetyl-
lactosamine carbohydrate structure (i antigen) to be a
marker for MSCs from umbilical cord blood (UCB)."

The Ii blood group system consists of two structurally re-
lated poly-N-acetyllactosamine carbohydrate antigens I and
i. The corresponding phenotypes are I or i (I-). Poly-N-acetyl-
lactosamines (polylactosamines, poly-LacNAc) consist of re-
peating N-acetyllactosamine disaccharide units (LacNAc;
Galf1-4GlcNAc, where Gal is D-galactose and GlcNAc is
N-acetyl-D-glucosamine). The LacNAc units can form linear
(i type) or branched (I type) chains. The linear i antigen is
abundantly expressed on the surface of embryonic red
blood cells (RBCs) and on RBCs during times of altered eryth-
ropoiesis. During the first 18 months of life the amount of i an-
tigens on RBC surfaces decreases to very low levels and the
erythrocytes start to express I antigen.'® This developmental
regulation is presumed to be controlled by the regulated ex-
pression of f1-6 N-acetylglucosaminyltransferases, enzymes
responsible for the formation of $1-6 branch to the poly-N-
acetyllactosamine chain and thus formation of the I antigen."”
The adult i phenotype is rare, although there are some indi-
viduals and families, whose RBCs never start to express I an-
tigen but express i antigen lifelong.'®'® There is currently no
antibody commercially available against the i antigen, and
the serological testing needs to be performed using human
antisera.

The expression of the I and i antigens is not restricted to
erythrocytes, and they are present on the surfaces of many
other human cell types as well.'® Anti-I antibody is a common
cold reactive antibody, which reacts strongly with adult RBCs
but not with UCB-derived RBCs. It can be often found as an
autoantibody in patients with cold hemagglutinin disease or
Moycoplasma pneumoniae infection and as an alloantibody in i
phenotypic adult sera. Anti-i antibody is relatively uncom-
mon antibody in healthy individuals, but is often found in pa-
tients with infectious mononucleosis.'® Anti-I and anti-i
antibodies can cause problems in blood group typing, anti-
body screening and compatibility testing, as well as in
blood transfusions if they have high titer and /or high thermal
amplitude.

Carbohydrates are generally considered to be poor immu-
nogens. Many existing monoclonal antiglycan antibodies
have been raised against intact cells, often from cancer, and
later on defined as having glycan-binding specificity.?
Monoclonal antibodies to specific glycan structures have
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been generated by using glycoconjugates, such as glycans
coupled to carrier proteins. Further, some glycoproteins and
glycolipids have been successfully used as immunogens.?
Antibodies resulting from carbohydrate immunization are
typically of the IgM class, and therefore they are not well ap-
plicable for in vivo diagnostics or therapy.** Some of the chal-
lenges involved in using these conventional approaches for
generating antibodies to carbohydrate moieties can be over-
come by using phage display technology, which is not depen-
dent on immunization and thus allows the generation of
antibodies against poorly immunogenic molecules or even
self-antigens. Antibody phage display technology has been
successfully used to generate several anticarbohydrate anti-
bodies, such as antibodies against Lewis x and sialyl Lewis
x,2 Thomsen-Friedenreich antigen,21 ganglioside GM3,2
mannotriose carbohydrate antigens,**>° as well as glycos-
aminoglycan fragments.””® One blood group antibody,
blood group B, has also been produced using recombinant
technology, where RBCs were used in parming.29 Using this
technology, it has been possible to produce completely
human monoclonal antibodies from both immune and non-
immune sources, rendering recombinant antibodies a promis-
ing source of antibodies for immunotherapy.*

In this article we describe the isolation and characterization
of a novel binder that specifically recognizes a structure on
the surface of MSCs, known to express the i blood group an-
tigen.'® We used antibody phage display technology and con-
structed IgM single-chain variable fragment (scFv) phage
display libraries from the lymphocytes of a donor with ele-
vated anti-i antibody level. The selection of the libraries was
performed utilizing RBC antigens. Characterization of poten-
tial binders resulted in the selection of one prominent anti-
body specific for i antigen.

Materials and Methods
Cells

Red blood cells. RBCs were obtained either from healthy
voluntary adult donors or from UCB units. Adult blood was
obtained from the Finnish Red Cross Blood Service and UCB
units via the Finnish Cord Blood Bank (Finnish Red Cross
Blood Service). UCB was collected after normal vaginal deliv-
ery from voluntary donors, who gave informed consent for
the blood to be used for research. The study protocol was ac-
cepted by the ethical review boards of the Helsinki University
Central Hospital (Helsinki, Finland) and the Finnish Red
Cross Blood Service. The ABO and RhD blood groups were
determined from the blood samples. The red blood cells
from each cell source were isolated using density gradient
centrifugation.’® The remaining RBC fraction was washed
three times and stored at 4°C for maximum of 7 days, if not
used immediately.

UCB-derived mesenchymal stem cells. UCB units were
obtained as already mentioned. UCB was processed within
24 of collection as previously described.’’ The UCB-MSC
lines used in this study were prepared from the mononuclear
cell fraction as previously described.® Briefly, the mononu-
clear cell fraction was plated on fibronectin-coated (Sigma
Aldrich, St. Louis, MO) six-well plates at 10° cells/well in
minimum essential alpha-medium supplemented with 10%
fetal bovine serum, 50nM dexamethasone, 10ng/mL
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epidermal growth factor, 10ng/mL recombinant human
platelet—derived growth factor (BB), 100 U/mL penicillin,
and 1% streptomycin. Most of the nonadherent cells were re-
moved as the medium was replaced the next day. The cells
were subcultured by plating the cells at a density of 1000—-
3000 cells/cm? in the same media and replacing the medium
two or three times a week. UCB-MSCs were characterized by
flow cytometry to be negative for CD14, CD34, CD45, and
HLA-DR and positive for CD13, CD29, CD44, CD90,
CD105, and HLA-ABC.? The cells were shown to be able to
differentiate along osteogenic, adipogenic, and chondrogenic
lineages as previously described.*

Materials

Enzymes used to modify the cell surface, neuraminidase
from Vibrio cholera (N6514), and papain from papaya latex
(P4762), were both obtained from Sigma Aldrich. Papain was
used in 5 mM cysteine hydrochloride buffer (pH 7.2), L-cyste-
ine hydrochloride (C-7880) from Sigma Aldrich, prepared im-
mediately before use. Anti-myc antibody, clone 9E10 (05-419),
which recognizes scFvs containing the myc tag, was from
Millipore (Billerica, MA). Anti-M13 monoclonal antibody
(27942001) recognizing hyperphages was obtained from GE
Healthcare (Little Chalfont, United Kingdom) and Alexa
Fluor488 goat anti-mouse IgG (H+L) (A11001) recognizing
anti-M13 antibody from Invitrogen (Molecular Probes, Invitro-
gen by Life Technologies, Carlsbad, CA). Oligosaccharides
used in oligosaccharide competition assay were branched
lacto-N-hexaose (LNH) from Dextra Laboratories (Reading,
United Kingdom) (L604), linear para-lacto-N-neohexaose
(LNnH) from Elicityl (Crolles, France) (GLY022), and N-ace-
tyl-D-lactosamine (LacNAc) from Sigma Aldrich (A7791).
The assay was repeated with branched (Gal-$1-4GIcNAcf1-
3(Galp1-4GlcNAcf1-6)Galfl-4Glc) and  linear (Gal-f1-
4GIcNAcp1-3Galp1-4GleNAcp1-3Gal f1-4Glc) lactosamine oli-
gosaccharides synthesized by Glykos Finland Ltd.

Construction of blood donor specific scFv phage display
library

Whole blood sample having anti-i antibodies was obtained
from a serologically selected blood donor after approval of
the Ethics Committee of the Helsinki and Uusimaa Hospital
District. The blood donor had been earlier characterized to
have anti-i antibodies by using a panel of I negative and I pos-
itive red RBCs. Lymphocytes were isolated according to the
Ig-Prime kit protocol (Novagen, EMD Biosciences Inc.,
Merk KGaA, Darmstadt, Germany). Briefly, the blood sample
(90 mL) was mixed with 270mL of the lysis buffer (155mM
NH,C], 10 mM NH,4HCO;, 0.1 mM EDTA, pH 7.4), incubated
for 15 min on ice with gentle shaking and centrifuged at 450 g
for 10 min at room temperature. The pellet containing white
blood cells was washed twice with lysis buffer and resus-
pended into 5mL of sterile phosphate-buffered saline (PBS).
RNA was isolated using Qiagen’s (Austin, TX) RNeasy
midi Total RNA isolation kit according to manufacturer’s
protocol. First strand cDNA synthesis was carried out using
Transcriptor first strand cDNA synthesis kit (Roche Applied
Science, Mannheim, Germany) and primers specific to the
human constant regions of human IgM heavy chain as well
as human kappa and lambda light chain. For the construction
of single-chain antibody (scFv) phage display libraries the
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variable regions of the heavy and light chains cDNA frag-
ments were amplified by polymerase chain reaction (PCR).
Each subgroup of heavy and light chains was amplified sep-
arately: 14 PCR amplifications for the Vi region, 13 for Vi,
and 15 for V4. The amplified Vi and V;, regions were pooled
and cloned separately into the scFv phagemid vector. The size
of the resulting scFv libraries was analyzed and the their di-
versity was studied by sequencing the Vy and Vi regions
by using an ABI 3100 Genetic Analyzer (Applied Biosystems,
Invitrogen). For the selection, the scFv libraries were con-
verted to a multivalent scFv display format using hyperphage
(Progen Biotechnik GmbH, Heidelberg, Germany).

Selection and screening of recombinant antibodies

The depletion of the libraries was performed using I-positive
AB blood group adult RBCs to remove phages that bind to
structures other than i blood group antigen. The selection of
the libraries was carried out using i-positive O blood group
UCB-RBCs. Four affinity selection rounds were performed,
and scFv phages enriched were further characterized. Soluble
scFv fragments containing myc tag were produced in Escheri-
chia coli HB2151 strain. Production of the soluble scFv to the cul-
ture supernatant was confirmed by dot blot analysis using anti-
myc antibody detection. Finally RBC agglutination assay was
used to determine which scFvs bind to UCB-derived O blood
group RBCs having i antigen on their surface [see Agglutination
assay (scFv)]. After the agglutination tests the DNA sequences of
the selected scFv clones were determined.

Preparation of individual phage clones

Escherichia coli XL-1 Blue clones containing phagemid vec-
tor desired scFvs expression units were grown in SB medium
with 10 ug/mL ampicillin, 20 ug/mL tetracyclin, and 1% (v/
v) glucose with shaking at 37°C for 18 h. The bacterial cul-
tures were diluted 1:50 into 10 mL of SB medium containing
ampicillin and tetracyclin as just described, and the cultivation
was carried on until ODgyy ~ 1 and infected with the hyper-
phage (Progen Biotechnik GmbH) for 30min at 37°C. The
infected cultivations were diluted with 90 mL of SB medium
supplemented with ampicillin and tetracyclin and grown
with shaking at 37°C for 2h. Finally kanamycin was added
for final concentration of 70 ug/mL and cultivations were fur-
ther grown with shaking at 34°C for 18 h. The multivalent scFv
phage stocks were prepared from overnight cultivations by
PEG precipitation as follows: after centrifugation at 5700 g at
4°C for 15 min the supernatant containing the phages was pre-
cipitated twice with 20% PEG-6000, 2.5M NaCl. The titers of
resulting multivalent scFv phage stocks were determined by
infecting E. coli XL-1 Blue cells with diluted phage stocks
and counting the colonies growing on LB plates containing
100 ug/mL ampicillin. The titers of the resulting scFv-phage
pools were analyzed (Tables 1 and 2).

Enzymatic cell surface treatments

RBCs, 12.5% suspension in 2mL of PBS, were treated with
50mU neuraminidase for 2h at 37°C. Papain treatment was
performed by adding 1 mL of 25% RBCs in PBS to an equal
volume of 5mM cysteine hydrochloride buffer (pH 7.2) con-
taining 0.35mg/mL (3.5U/mL) papain and incubating
resulting 12.5% RBC suspension for 2h at 37°C. UCB-MSCs
were grown to 80% confluency in a 10-cm culture dish and
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TABLE 1. CHARACTERISTICS OF RED BLooD CELLS
USED IN THE SELECTION OF sCFv CLONES FROM
ANTIBODY PHAGE DIsPLAY LIBRARY

Selection criteria

Adult RBC Cord blood RBC
I i

Depletion Enrichment

- +

RBC, red blood cell; AB, AB blood group; O, O blood group; yel-
low circles, D-galactose; blue squares, N-acetyl-D-glucosamine.

treated first with 50 mU neuraminidase in 2mL alphaMEM
Glutamax (Gibco, Invitrogen) containing 0.5% bovine serum
albumin (BSA; Sigma Aldrich) for 30min at 37°C. UCB-
MSCs were then detached from the culture dish with freshly
prepared papain (15min, 37°C) using 3mg/1.5mL (20U/
mL) papain in 5mM cysteine hydrochloride buffer (pH 7.2).

Agglutination assay (scFv)

UCB-derived (blood group O) and adult-derived (blood
group AB) RBCs treated with either sialidase, papain, both, or
neither were added as a 2% suspension in PBS to a U-bottom
96-well plate (Costar, Corning Incorporated, Corning, NY)
with an equal volume (50 uL) of scFv supernatants. The assay
was performed with two or three technical replicates. Cell
and scFv supernatant cocktails were gently stirred and allowed
toagglutinate at4°C for 1 h. Results were visually observed, and
anti-myc Ab (20 ug/mL) was then added, and the solution was
gently stirred and again allowed to agglutinate at 4°C for 1h.
Agglutination was interpreted manually and photographed.
The data were then converted into table format using —, +,
and + + symbols indicating agglutination strength (Table 3).

TABLE 2. StTEPs USED TO SELECT THE i BLooD GROUP-
SPECIFIC BINDERS FROM THE PHAGE-DI1sPLAY LIBRARY

No. of Positive
Step clones tested  clones
1 RBC agglutination assay, HTS ~100 17
2 RBC agglutination assay, 17 10
3xi/I RBCs
3 DNA sequencing 10 5
4 FACS analysis with MSCs 5 3

In step 1, a high-throughput-screening (HTS) method with only
one technical replicate was made. In step 2, a more thorough ap-
proach with three different cord blood RBCs and three different
adult RBCs, with three technical replicates, was performed.

HTS, high-throughput-screening; FACS, fluorescence associated
cell sorting.
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Flow cytometry

In cell stainings for flow cytometry, the UCB-MSCs (50,000
MSCs in 100 uL) were incubated with scFv hyperphages (each
with titer 1.32x10% plaque-forming units [pfu]/mL) for
30 min at 4°C followed by secondary antibody labeling with
anti-M13 monoclonal Ab (10 ug/mL for 50,000 MSCs/
100 uL) for 30 min at 4 °C. Fluorescently labeled tertiary anti-
body, Alexa Fluor 488 goat anti-mouse IgG (H+L) (4 ug/mL
for 50,000 MSCs/100 uL), was added and incubated in the
dark for 30 min at 4°C. As a negative control, cells were incu-
bated without the primary binder or with irrelevant phage,
but otherwise treated similar to labeled cells. The binding
properties of the scFv hyperphages were analyzed by flow cy-
tometry (FACSAria, Becton Dickinson, San Jose, CA), and a
minimum of 10,000 events were measured. Data analysis
was carried out with BD FACSDiva™ Flow Cytometry Soft-
ware Version 5.0.2.

Oligosaccharide competition assay

In the competition assay the oligosaccharides were first
dissolved in 0.3% BSA-PBS and then allowed to interact
with scFv hyperphages on ice for 30 min. UCB-MSCs were
added to each reaction, incubated on ice for 30 min, and
stained with anti-M13 antibody and Alexa Fluor488 goat
anti-mouse IgG (H+L) as already described. The final con-
centration of oligosaccharides was 3 mM, scFv hyperphages
1.32x 10" pfu/mL, and cells 50,000 UCB-MSCs in 50-uL reac-
tion volume.

Results

Approximately 100 potential i-specific scFvs
were enriched from a phage display library constructed
from the blood of an anti-i positive donor

Very few people have anti-i antibodies in their blood,** so
it would have been unlikely to find an anti-i antibody from a
naive pooled antibody library. A blood donor having circu-
lating anti-i antibody was identified in the Finnish Red
Cross Blood Service by using a panel of I-negative and I-pos-
itive red blood cells. The anti-i antibody directly agglutinated
I-negative adult red blood cells at 4°C but did not react with I-
positive cells. To develop antibodies recognizing i antigen,
but not I antigen, an IgM scFv library was constructed from
the lymphocytes of the particular donor as summarized in
Figure 1. Both scFv-lambda and scFv-kappa libraries con-
tained 10° clones.

RBCs from UCB have naturally i antigen on their surface.*
This gives an ideal opportunity to use these cells for the affin-
ity selection of anti-i antibodies from the phage display
library. The depletion of the libraries was performed using
I-positive adult RBCs that expressed blood group antigens
A and B (AB blood group) to remove hyperphages that
bind to heterogeneous blood group structures other than i
antigen. The selection of the libraries was carried out using
i-positive O blood group UCB-RBCs (Table 1). The other 30
known blood group systems on the RBC surface were not
taken into account to keep the experimental setting manage-
able. Four affinity selection rounds were performed and
~100 scFv phages enriched to i-positive cells. These were
further characterized with RBC agglutination assay. To en-
hance the agglutination efficiency and improve carbohydrate
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FIG. 1. A workflow of the construction of the scFv phage
display library. scFv, single-chain variable fragment; Ab, an-
tibody; VH, variable region of immunoglobulin heavy chain;
CH, constant region of immunoglobulin heavy chain; VL,
variable region of immunoglobulin light chain; CL constant
region of immunoglobulin light chain.

~10° Ab phages
~103 Ab genes

accessibility, RBCs, both UCB and adult derived, were enzy-
matically treated with sialidase and papain. After two sepa-
rate high-throughput screening agglutination assays with
~100 scFvs, 17 clones were selected for further studies
based on their ability to agglutinate linear poly-LacNAc (i an-
tigen) expressing UCB-derived red blood cells (UCB-RBCs)
compared to branched poly-LacNAc (I antigen) containing
adult RBCs (Table 2).

Ten scFvs agglutinated UCB-RBCs better than RBCs
from adult donor

The 17 scFvs selected for further studies were tested with
more thorough agglutination assays. Agglutinations were re-
peated three times with three replicates, each time with adult
RBCs from different donors and UCB-RBCs from different
units. Out of 17 scFvs tested, 10 were able to agglutinate
UCB-RBCs (i+ /I-) better than adult-derived RBCs (i—/I+)
repeatedly using RBCs from different individuals. The effect
of RBC surface proteins and carbohydrate sialic acids on ag-
glutination was studied with resulting 10 scFv binders (Table
3). Enzymatic treatment was performed either with sialidase
and papain simultaneously or with only one or the other. Sia-
lidase was selected to remove terminal sialic acid and make
repeated lactosamine structures more accessible. This treat-
ment was observed unnecessary for the induction of aggluti-
nation, however. Papain, in contrast, was shown to increase
agglutination efficiency. Therefore, removal of bulk cell sur-
face proteins was shown to be critical for the binding of
scFvs to RBCs. The results showed a similar type of aggluti-
nation pattern for each of the repeated experiments. Small
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TABLE 3. AGGLUTINATION Assay WITH
UmsIiLicAL CorRD BLooD-DERIVED RED BLoop CELLS
WitH AND WITHOUT ENZYME TREATMENT

UCB-RBC UCB- UCB-
UCB-RBC  +sialidase RBC RBC
scFo no enzyme  +papain  +sialidase  +papain
B11.1 — ++ — -
D10.1/D10.2 - ++ — ++
F9 — ++ — +
G8 - ++ - ++
C3 — ++ — ++
C11 - ++ - ++
E8.2 — ++ — ++
El1 - ++ — ++
B12.1/B12.2 — + — + +
G2 - ++ - ++

UCB-RBC, umbilical cord blood—derived red blood cell.

differences were most likely due to the variable scFv concen-
trations in different production batches. This was verified
with dilution series experiment showing some of the undi-
luted scFv samples agglutinating both RBC types, while 1:3
dilution of the same sample agglutinated only UCB-RBCs
(data not shown).

The DNA sequences of 10 individual scFv clones were de-
termined and five clones, B12.2, D10.1, D10.2, E8.2, and B11.1,
contained the cDNAs encoding the whole length scFvs. These
five sequences were compared to immunoglobulin Vy4.21
gene segment encoding anti-I and anti-i specificities of cold
agglutinins.**® Figure 2A shows the amount of identical
and similar amino acids of each scFv compared to Ig
Vu4.21 gene segment. The B12.2 scFv was highly similar
(83%) to Viy4.21 gene segment. The amino acid sequences of
these two Vi sequences are compared in Figure 2B. All five
of the promising scFvs were produced as hyperphages,
each containing approximately three to five antigen binding
sites of a certain scFv.

A Identity Similarity
B12.2vs. V, 4.21 77 % 83 9%
D10.1 vs. V, 4.21 48 % 64 %
D10.2 vs. V, 4.21 48 % 67 %
[':82 VS. V“421 56 0(1 70 %
BIl.1 vs. V, 4.21 52 % 68 %
Buii.21 QVQLOQWGAGLLKPSETLSLTCA GGSFE—ESGYYTWIRQPPGKGLEWI
B12.2 ~—--V-5-P--V--———————- E-VTN-P-5-N------—-——-L-

HCDR2
VH4 .21 |GEINHSGSTNYNPSLKSRVTISVDTSKNQFSLKLSSVTAADTAVYYCAR
Bl2.2 |-NVFY--T-M-=====f-=mm- R E-R-======m—m—mmm

FIG. 2. Amino acid sequences of five scFvs were compared
to the V34.21 gene sequence known to be involved in i blood
group binding. (A) The amount of identical and similar
amino acids. (B) The amino acid sequences of B12.2 scFv
and Vy4.21 are highly similar. HCDR, heavy chain comple-
mentarity determining region. HCDR1 and HCDR2 are
denoted by brackets; —, identical amino acid.
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Three hyperphages showed characteristic MSC binding

We have previously shown that linear polylactosamines
are markers for UCB-MSCs." The capability of the five scFv
hyperphages to recognize i antigen on the UCB-MSC surface
was analyzed by flow cytometry. Three scFv hyperphages,
B12.2, D10.1, and D10.2, bound to UCB-MSCs significantly
better than the irrelevant hyperphage (Fig. 3). The B12.2
hyperphage recognized 81%-96% of the cells in three re-
peated experiments. Similarly, 25%-37% of the cells were rec-
ognized by D10.1 and 23%-48% with D10.2 hyperphage. The
binding of E8.2 and B11.1 hyperphages to UCB-MSCs in two
repeated experiments was considered to be low level, and
these scFv hyperphages were excluded from further charac-
terization.

The binding properties of B12.2, D10.1, and D10.2 hyper-
phages were also studied with bone marrow (BM)-derived
MSCs and fibroblasts, one of the end products of mesenchy-
mal differentiation. All three scFv hyperphages bound more
strongly to UCB-MSCs than to BM-MSCs (data not shown).
This is consistent with our previous unpublished results
showing that the polyclonal anti-i serum binds to UCB-
MSCs better than to BM-MSCs. Fibroblasts have previously
been shown to have i and I antigens on their surface.* The
B12.2 and D10.2 hyperphages bound to fibroblasts with the
same binding level as to UCB-MSCs, but the binding of
D10.1 hyperphage to fibroblasts was at the same level as
the binding of irrelevant hyperphage (data not shown).

One of the developed binders exhibit clear characteristics
of an i blood group antibody

We have shown earlier, by using patient serum containing
anti-i IgM, that the i antigen expression diminishes when
UCB-MSCs are differentiated to osteoblasts or adipocytes.'
The same phenomenon was also seen with the three selected
scFv hyperphages (Fig. 4). The B12.2 hyperphage recognized
88% of the UCB-MSCs, but only 35% and 34% of the osteo-
genic and adipogenic cells, respectively. D10.1 hyperphage
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FIG. 3. The percentage of each hyperphage recognizing
UCB-MSCs in flow cytometric analysis. The results are
shown as averages of three independent experiments for
B12.2, D10.1, and D10.2 and two for E8.2 and B11.1. The
threshold line represents the amount of irrelevant phage
binding to UCB-MSCs. Irr., irrelevant hyperphage; MSC,
mesenchymal stem cell.

341
100 4
B UCB-MSC
80 + @ Osteogenic
8 B Adipogenic
©
)
e
‘@
a 40 4
=X
R .:= .ié
0
DI10.1 D10.2
F Adipogenic
52
8 8§
=4

UCB-MSC

count
200

10 10° 10* 10°

Osteogenic

0

e
N

100 10° 10* 10°

100 1080 100 10°

FIG. 4. Flow cytometric analysis showing that all three
hyperphages bind to UCB-MSCs, but the amount of binding
activity decreases when the cells are differentiated to osteo-
blasts or adipocytes. A histogram of the B12.2 hyperphage
binding is also shown. Light gray curve, control cells stained
only with secondary Ab; dark gray curve, cells stained with
B12.2 hyperphage.

recognized 22% of the UCB-MSCs and only 5% osteoblasts
and 3% adipocytes. D10.2 recognized 18% of UCB-MSCs,
and the binding level was approximately the same with oste-
oblasts (20%) but only 8% with adipocytes. Notably, how-
ever, the amount of epitopes for these binders transiently
increases at the early stage of the differentiation, before it
drastically diminishes (data not shown). This transition
stage expression profile has not been previously analyzed
with polyclonal anti-i serum.

We tried to find out if the UCB-MSC recognition by scFv
hyperphages is carbohydrate epitope dependent by using
periodate treatment known to oxidize hydroxyl groups of
carbohydrates.*’ Periodate treatment did not have any effect
to the binding of these hyperphages (data not shown). How-
ever, all carbohydrate antigenic determinants are not sensi-
tive to periodate treatment. Determinants, like linear poly-
LacNAc (i antigen), consisting of linear carbohydrate chains
with linkages at carbon 3 are considered not to be periodate
sensitive.**!

Detailed epitope characterization of glycan binding pro-
teins (GBPs) is challenging. Although array formats have
been developed to test antibodies and other GBPs, 4>
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FIG. 5. A competition binding assay showing that a linear
lactosamine structure inhibits the binding of all three scFv
hyperphages to UCB-MSCs. The data are representative of
two individual flow cytometric experiments. LNH, lacto-N-
hexaose; LNnH, para-lacto-N-neohexaose; LacNAc, N-ace-
tyl-D-lactosamine. In glycan structures: blue square symbols,
N-acetyl-D-glucosamine (GIcNAc); yellow circle symbols, D-
galactose (Gal).

hyperphages seem to behave differently from antibodies in
these arrays. We did try to screen the carbohydrate specificity
of our scFv hyperphages in the Consortium for Functional
Glycomics glycan array (www.functionalglycomics.org) but
weren’t able to get any specificities. However, currently it is
unclear if glycan array is a suitable method for assaying gly-
can-binding specificity of hyperphages since there is no previ-
ous experience in successfully using this technology for
hyperphages (personal communication, David F. Smith and
Jamie Heimburg-Molinaro, Consortium for Functional Glyco-
mics).

To find out if the epitope recognized by these scFv hyper-
phages was a linear polylactosamine, a competition binding
assay was carried out. Three scFv hyperphages, B12.2,
D10.1, and D10.2, were allowed to interact with three differ-
ent lactosamine oligosaccharides and the formed hyper-
phage-glycan complexes were then introduced to UCB-
MSCs. A flow cytometric analysis showed that the linear lac-
tosamine carbohydrate, containing two LacNAc units and
one lactose unit inhibited the cellular binding of all the hyper-
phages (Fig. 5). The result was verified using lactosamine ol-
igosaccharides from a different provider (data not shown).
These results indicate that these scFv hyperphages bind to lin-
ear poly-LacNAc structures (i.e., i antigens), with the binding
of B12.2 hyperphage being the strongest.

Discussion

The i antigen (linear poly-LacNAc) is known to be
expressed on RBCs of fetal and UCB origin. However, the ex-
pression of i antigens is not restricted to erythrocytes, and
polylactosamine epitopes are present on the surfaces of vari-
ous human cell types.'® We have previously reported that
MSCs derived from UCB express linear poly-LacNAc struc-
tures on their surface and this structure can be used as an
UCB-MSC marker."® An anti-i antibody could thus be useful
both in the identification of MSCs aimed at therapy and in
blood group serology. Such antibodies, however, are not cur-
rently commercially available. Glyco Epitope database
(www .glyco.is.ritsumei.ac.jp/epitope) lists five antibodies
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for i antigen (epitope EP0139): I- and i-antigen recognizing
A5,% antiserum antii Den,* GL-2,** MH21-134,* and
NCC-1004.>° We personally requested to obtain these anti-
bodies, but none of them were available anymore. In blood
group serology the typing of i antigen on RBCs is typically
performed using polyclonal human antisera expressing the
antibody with high enough titer.

Antibody phage display technology has been successfully
used to isolate recombinant human antibodies specific to
cell surface markers that distinguish otherwise similar cell
types.” These include many human carbohydrate structures,
such as the blood group B antigen.” Unlike hybridoma tech-
nology, antibody phage display technology enables produc-
ing recombinant human antibodies against poorly
immunogenic carbohydrates.” In this study we present a
novel way to use antibody phage display technology to pro-
duce a specific antibody for linear poly-LacNAc structure (i
antigen). We utilized UCB-derived RBCs naturally express-
ing i antigen and adult RBCs, which lack the expression of i
antigen but express a branched poly-LacNAc structure, I an-
tigen, instead.

We constructed an IgM phage display library from the
white blood cells of a voluntary blood donor with elevated
anti-i level and were able to isolate promising scFvs, one in
particular. We used agglutination assay to identify the scFvs
able to bind and agglutinate the UCB-RBCs but not adult-
derived RBCs. Papain treatment was shown to increase agglu-
tination efficiency, indicating that the removal of bulk cell
surface proteins is critical for the binding of scFvs to RBCs,
which could reflect expression of linear poly-LacNAc in glyco-
lipids. Papain is a cysteine protease enzyme that is commonly
used in blood group serology to modify interfacial properties
of RBCs so that the agglutination is possible under conditions
in which untreated cells would not have been able to aggluti-
nate.”> It was already reported in 1958-1971 that the increase
inI and i antigen reactivity after proteolytic enzyme treatment
is a significant phenomenon. However, the reactivities of blood
group antigens bound to the glycoprotein moiety of the RBC
membrane like M, N, or Pr antigens are reduced and disappear
after proteolytic enzyme treatment.”*

Our results show that three of the five UCB-RBC aggluti-
nating scFv hyperphages recognized an epitope from the sur-
face of UCB-MSCs. The binding profile was shown to be
similar to previously reported anti-i serum binding to UCB-
MSCs, recognizing undifferentiated MSCs but decreasing
drastically when cells are differentiated.'” This indicates po-
tential use for anti-i antibody as a UCB-MSC marker. Other
markers for the “stemness” of cells, mainly for embryonal
stem cells, are known. These markers are thought to be asso-
ciated with pluripotency and are widely used to characterize
embryonal stem cells. They are displayed on the surface of
undifferentiated pluripotent cells and disappear rapidly
when cells differentiate. These markers include the protein
antigens CD9, Thy-1 (CD90), tissue nonspecific alkaline
phosphatase (Tra-2-49 and Tra-2-54), class-1 human leuko-
cyte antigen, and podocalyxin (GCTM?2), the globoseries gly-
cosphingolipid antigens stage-specific embryonic antigen
(SSEA)-3 and SSEA-4, and the carbohydrate epitopes recog-
nized by the monoclonal antibodies Tra-1-60 and Tra-1-81.”
We have previously shown that hematopoietic cells, embry-
onic cells, and MSCs display a characteristic glycosylation
profile that distinguishes them from differentiated cell
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types.”®® Many of the stem cell marker antibodies in embry-
onic stem cells, such as SSEA-3, SSEA-4,%® Tra-1-60, and Tra-
1-80,>° as well as the binder we generated for i antigen in
UCB-MSCs, recognize carbohydrate epitopes. The Tra-1-60
and Tra-1-80 antibodies recognize type-1 linear poly-LacNAc
structures closely related to i antigen.”” As stem cell therapies
become more common, cell surface markers to identify and
extract different stem cell populations will become important
for efficient and safe cell therapy applications.

It has been reported that the variable domain of heavy (V)
chain regions of all human cold agglutinin anti-i/I autoanti-
bodies is encoded by a single Ig Vi gene segment
Vi4.21.37%8 The V421 gene segment is essential for cold ag-
glutinin activity and restriction at the Vi gene segment level
is absolute.*® It has been reported that Vj4.21-encoded heavy
chains strongly predispose for anti-i binding capacity, regard-
less of the variable domain of light (Vi) regions or heavy
chain complementarity-determining region 3 (CDR3) struc-
ture.”” The amino acid sequence of the Vi region of the
B12.2 binder we developed was found to be highly similar
(83%) to the V34.21 gene segment. The most prominent sim-
ilarity is found on the gene segments outside CDR regions,
substantially contributing to the cold agglutinin anti-i struc-
ture. Most of the differences in amino acid constitution are
found in the two CDRs, as is expected since these regions
are responsible for the fine-tuning of the specificity and affin-
ity of the binding of a specific binder.

Evaluation and characterization of GBPs (antibodies and
lectins) is challenging. Most lectins are known to have broad
specificity, so they have been primarily used to monitor gen-
eral changes of carbohydrate expression.*” In contrast, anticar-
bohydrate antibodies typically have more limited specificity
and are therefore used to monitor the expression of individual
carbohydrate antigens. However, in a broad high-throughput
profiling study, more than half of the antibodies studied dis-
played inappropriate binding relative to the listed specificity.
More than half of the antibodies also had measurable cross-re-
activity with at least one other glycan on the array.** There are
many methods for analyzing carbohydrate—protein interac-
tions. Traditional methods, such as X-ray crystallography, nu-
clear magnetic resonance, affinity chromatography, enzyme-
linked immunosorbent assay, and mono- or oligosaccharide
inhibition studies are usually time consuming and require
large amounts of material. Therefore, they are not optimal
for the analysis of thousands of potential carbohydrate—protein
interactions. Carbohydrate microarrays are an emerging tech-
nology that provide a high-throughput means of detecting the
interactions of proteins with diverse oligosaccharide sequences
of glycoproteins, glycolipids, and polysaccharides. However,
glycan-based microarrays vary due to variations in ligand pre-
sentation, the origin of glycans (isolated from natural sources
or chemically synthesized), assay conditions, detection
method, and immobilization of the carbohydrates on flat sur-
faces. All these features contribute to the affinity and selectivity
of binding, and thus the assay may not reflect the actual con-
ditions on the cell surface.**

Although we did not get any specificity for our hyper-
phages in the glycan array, we were able to show using com-
petition binding assay that the binding of B12.2 hyperphage
was inhibited by soluble linear oligolactosamine structure.
This indicates that the B12.2 hyperphage recognizes and
binds to i antigen on the UCB-MSC surface.
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In this study we have identified a blood donor with ele-
vated anti-i level in serum, constructed an antibody library,
and isolated an antibody that was able to agglutinate UCB-
derived RBCs and bind to UCB-MSCs. Both of these cell
types are known to naturally express i antigen. The Vy
gene segment of B12.2 scFv is also highly similar to the
V421 gene segment previously shown to encode anti-i spe-
cificities. Finally, the binding of B12.2 hyperphage was
inhibited by soluble linear lactosamine structure. Hereby
we conclude that the B12.2 antibody is a prominent anti-i
binder and thus it can be utilized and further engineered
for both UCB-MSC detection and blood group serology.
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